The 15-winding and 3-column autotransformer supplying an 18-pulse rectifier circuit was developed. Presented methods can be used also for the autotransformers of other topologies supplying different kinds of converters. Presented methods make it possible to exactly calculate main and leakage inductances of the multi-winding autotransformer. The presented analysis of the eigenvalues and eigenvectors of the inductance matrix makes it possible to identify the influence nature of individual modes on the inductance matrix, and to compare the calculation results obtained using the presented methods. Frequency dependence of autotransformer parameters was shown. Also modes of the impedance matrix of the multi-winding autotransformer was investigated, this made it possible to identify the influence nature of individual modes on the inductance matrix. Using presented methods one can exactly calculate main and leakage inductances of the autotransformer. Thanks to this, one can design in optimal way autotransformers for supplying, for example, rectifier circuits, THD coefficients. The results of the measurements and simulations were also shortly presented at the end of the article.
Introduction
Impedance matrix of the autotransformer was calculated with the use of the 3D finite elements method at mono-harmonic voltage supply [1] [2] [3] . Eddy current losses in winding copper as well as in core iron were taken into account, what made it possible to study leakage inductances versus pulsation. Mono-harmonic calculations were performed assuming linearity of the magnetic core.
Impedance matrix of the autotransformer at the mono-harmonic voltage supply
For the assumed vector of winding supply voltages, the corresponding winding current vector was calculated, and the results were placed in relevant columns of [ In the presented method the inverse matrix of [Z ] is calculated. Therefore small leakage inductances are calculated more accurately due to numerical reasons.
It is impossible to create the FEM model which could consider in a direct way the magnetic core lamination, because of the practical reasons. However, eddy current losses can be considered in mono-harmonic analysis by introducing complex tensor of the magnetic permeability μ t and electric conductivity . γ t Figure 1 is the base of introduction of those parameters for core sheets. where:
Considering the structure the core sheet, the magnetic complex permeability μ from the formula (3) was responsible for eddy currents in x, y directions from figure 1a. In z direction, the eddy current was the result of electric conductivity in x, y directions in electric conducti-vity tensor γt from formula (2) . Considering the structure of winding area, only the magnetic permeability tensor μ t was taken into account. The following system of equations was solved in FEM 3D calculations: 
Eigenvalues and eigenvectors of inductance matrix [Z] of autotransformer versus frequency
Eigenvectors of inductance matrix of the autotransformer show weak variability due to pulsation. Therefore, they can be considered as a spatial transformation matrix between the coordinates of the system: the current flow in autotransformer windings, and coupled fluxes in these windings. 
Autotransformer equivalent circuit
Autotransformer equivalent circuit using LR ladder networks for modeling frequency dependencies of autotransformer parameters was built. The eddy current losses in the magnetic core were simulated by the windings, placed on each column, shorted through the ladder circuits. The frequency dependence of the autotransformer leakage parameters was also simulated in calculations by means of ladder networks supplied by current system after transformation by frequency invariable eigenvectors matrix. Also the magnetic hysteresis losses were included in simulations [4] [5] [6] . Optimization methods were used for calculating the length of the magnetic columns of the ladder network in Figure 4 . Figure 5 presents comparison of the fre-quency dependency of the eigenvalues related to main magnetic flux computed in mono-harmonic calculations with the same eigenvalues calculated from the synthesized equivalent circuit. 
Measurement and simulation results

The arrangement order of the autotransformer windings at the core column
The way of arrangement of the autotransformer windings in the window affects the values of leakage inductances of those windings. The simulation of the examined 18-pulse rectifier circuit was made for the various arrangement orders of the autotransformer windings on the core column. The summary of simulation results is presented in Figures 6 and 7 .
As one can see, for various combinations of the windings arrangement, the THD of the converter mains currents was obtained in the range of 4 to 8%, in addition the number of "bad" arrangements is comparable with the number of "good" arrangements. So, the problem of the windings arrangement order appears to be essential. Figure 7 confirms that fact.
The proper order of arrangement of the windings on the autotransformer core can reduce THD coefficient of the converter mains currents. 
Experimental model
Developed methods and results were used to design 50 kW autotransformer for 18-pulse rectifier circuit. Figure 8 presents the picture of the autotransformer prototype at the measurement station. A number of simulations were carried out. The eigenvalues numbered 6 and 5 from the Table 1 are worth of notice. Their enlargement makes THD coefficient getting worse even much more than the enlargement of zero component (eigenvalue at number 3). Eigenvectors of these values shows, that in order to suppress them, the windings of the triangle should be placed in outermost places at the core columns. 
Conclusion
The autotransformer leakage inductance calculation methods of different degree of complexity was presented and compared. The zero component related eigenvalue of the leakage in-ductance matrix is not calculated correctly in 2D methods. However after applying adequate correction, leakage inductances obtained with these methods can be used for converter simulations. The mono-harmonic calculations showed that the leakage inductances of the autotransformer remain constant for frequencies up to 4 kHz. This justifies the use of these inductances obtained in static calculations in the AC/DC converter simulations. The method of equivalent circuit creation of the autotransformer that uses LR ladder networks for modeling frequency dependencies of its parameters was presented.
